In order to optimise a tidal energy conversion system, the operation, maintenance and power generation aspects have to be taken into account. As a result the key focus of this paper is to propose and investigate an alternative method of implementing a tidal energy conversion system using a pitch-regulated turbine and a variable-speed squirrel cage induction generator with long distance converters. The generator power output can be optimised by utilising variable-speed control strategies allowing the system to operate at maximum power coefficient while availability can be increased by reducing the components installed offshore by using long three-phase cables between the generator and onshore voltage source converters. The tidal current energy conversion system is investigated by developing a full resource-to-grid model in MATLAB/Simulink and by performing system analysis regarding the effects of harmonics in the long subsea cables. Simulation results show that optimised filter design and the choice of suitable operating frequency for the generator controller can minimise the overvoltages associated with the harmonics and the reflecting voltage waves in the cables.
Introduction
The potential to generate low or zero carbon-free power from the world's tides is increasing as technology moves forward. The technically available tidal current energy resource, the resource that can be captured using existing technology, in the United Kingdom is significant and can supply 29% of the UK electricity demand based on 2013 statistics [1, 2] . At certain locations tidal currents can possess very high energy density which can lead to large amounts of power. As a result of high energy density, devices are subjected to large forces in order to maximise conversion of the available energy but are still expected to operate reliably under harsh conditions. Even though they have similarities to offshore wind turbines in many aspects, a number of characteristics differentiate the approach needed regarding power transmission and drive-train design. Some of these characteristics are: predictable direction and speed of the tidal current, predetermined available area in a tidal channel, less swept area due higher density of water, continuous underwater operation and smaller distances to shore [3] .
To be more specific, the continuous underwater operation requires that the tidal system must work reliably with high availability. This dictates that onsite visits must be reduced to a minimum since tidal devices are usually installed at locations with strong tidal currents. At these locations, the windows of opportunity for onsite visits are relatively short, which means that major operations need to be extremely quick or be able to continue in high flow speeds [3] . Another aspect of tidal arrays that affect power transmission is that they will be close enough to shore and therefore offshore substations and high-voltage subsea transmission can be avoided. Reducing the number of components installed offshore can consequently reduce offshore maintenance.
In this context, it has been suggested that tidal energy developers can extend the availability of their systems by moving the power electronics from the nacelle to the shore. This could help to minimise onsite visits since the failure frequency of power converters can be significant based on data from onshore wind turbines [4] . Locating the power electronics on land means that the generator has to be controlled using long subsea cables and therefore long distance drives are needed. Long distance converters have been used to drive electrical submersible pumps in oil offshore platforms.
The literature regarding long distance drives focuses on the variable speed operation of low power motors [5] - [9] which are usually designed to be used as pumps in offshore oil platforms [7] - [9] . The main points discussed are the reasons behind the appearance of over-voltages at the terminals of motors with long feeders [5] [7], filtering techniques in order to mitigate the problems associated with the long feeders [5] [6] , and the importance of accurate frequency domain analysis in order to investigate system resonant frequency in different topologies [8] . In [10] authors investigate the appearance of overvoltages and resonant frequencies in a system with a medium voltage motor used as fan in an underground mine. They highlight the importance of a low voltage low pass filter installed at the inverter terminals by experimenting with and without filters and clearly showing the appearance of overvoltages at the motor terminals. In [6] authors also discuss the effect of long cables in a PWM vector controller of a low power induction motor.
Currently, tidal current turbine developers have not yet decided on the optimal tidal current conversion system (TCCS) and therefore a number of different designs exist. While most of the designs are bottom mounted with low solidity blades and horizontal axis rotors, the approaches differ in generator technology. Dominant choices are direct drive generators or geared permanent magnet synchronous generators (PMSGs) and squirrel cage induction generators (SCIGs). Power limitation is achieved using fixed pitch or variable pitch blades. Research papers regarding TCCS are focused on the mitigation of over-voltages in systems with long distance controls [11] [12], the power limitation mechanisms [13] [14] , grid integration of tidal current conversion systems [15] , power capture maximisation control methods and generator technologies [16] [17] .
Even though in [11] authors analyse a TCCS with long distance controls they assume a low power low voltage generator which can be installed at rivers or small tidal channels. At the moment the state of industry is to deploy small demonstration tidal arrays composed of up to 10 tidal turbines with 1MW capacity per turbine.
For demonstration purposes and in order to achieve maximum availability tidal energy developers consider the separate connection to shore per turbine. However, this is only possible when the distance to shore is small, usually less than 10km and the number of installed devices limited.
A tidal array concept based on long distance controls is depicted in Figure 1a . In this tidal array concept each turbine is connected using three-phase subsea cables to the shore. In the nacelle, the gearbox, if the generator is not direct drive, the medium voltage (MV) generator and all the appropriate measurement and protection devices are installed. On the shore all the necessary electrical equipment is installed in order to control the tidal turbine, to step down the medium voltage (MV) to low voltage (LV) for a 2-level converter, to filter the harmonics and avoid cable resonance. After the active rectifier the power from all the turbines can be collected in the DC link and then transferred for grid connection using medium or high voltage DC transmission or using high voltage AC transmission (HVAC).
The aim of this paper is to present a full resource-to-grid dynamic model of a single tidal current turbine with the proposed long distance converters. A single tidal turbine is chosen since as it is depicted in Figure 1a , the tidal array concept with long distance controls is based on multiples of single devices with a common collection point. Even though the grid side is also modelled, the main focus of this paper is on the operation of the generator when the long distance controller is utilised. The system was first presented in [18] and is based on a three-bladed tidal turbine with pitch-regulated blades and a SCIG controlled using direct torque control with space vector modulation (DTC SVM). Utilising the dynamic model, we investigate the applicability of long distance converters in TCCS. In addition, we present the challenges associated with the use of long subsea cables between the generator and the converter which include high harmonics and over-voltages at the cable ends due to resonance and voltage reflections. Section 2 briefly explains the modelling of the system. Section 3 shows the results from the simulation of the model and is separated in time domain and frequency domain simulations. In section 4 conclusions are drawn regarding the design of TCCS. 
Modelling of tidal current conversion system
In this section all the modelling aspects of a TCCS will be described. The proposed topology can be seen in Figure 1b . The tidal turbine shaft is connected to the SCIG rotor through a gearbox. The output of the medium voltage generator (6.6kV) is transmitted to shore by long three-phase subsea cables. Cable modelling is described in detail in section 2.5. The medium voltage is transformed to low voltage (690V) using an onshore transformer. Generator and transformer parameters are given in the appendix. Between the voltage source converter (VSC) and the step-down transformer, filters are installed. The importance of appropriate filtering is discussed in section 2.6. In order to enable variable speed operation of the SCIG the generator side controller is implemented using the DTC SVM method which is discussed in section 2.4. On the grid side, the low voltage output of the inverter (690V) is first filtered and then a step-up transformer is used in order to match the high voltage at the grid (11kV). At the output of both VSCs, grid side and generator side, a choke is placed. The resistance and inductance of the choke in both cases is 0.05pu.
Tidal resource
The power potential of tidal currents can be derived by the same formula as for wind energy systems.
Where ρ water is the sea water density approximately equal to 1025kgm -3 , A is the swept area considered and V current is the fluid speed in m/s.
For the purposes of this study the input flow speed is chosen to be a half-cycle with high peak flow as we intend to represent the most complex period of operation of the system. The flow speed is constructed by:
• The mean flow speed which is created based on actual tidal current measurements ( Figure 2a ).
• The predicted turbulence which is modelled by adding white noise.
• The swell effect of the tides by using a first-order Stokes model as described in [14] and [19] The flow profile used as input to the model can be seen in Figure 2b . 
Tidal turbine model
The model is based on the steady-state power characteristics of the turbine. The output power of the turbine is given by the following equation.
Where P m is the mechanical output power of the turbine in watts and C p (λ,β) is the power coefficient of the turbine which is a function of the tip speed ratio, λ, and blade pitch angle, β. In this model a maximum C p of 0.48 is assumed and rated power is achieved at 2.5m/s [18] .
Pitch controller
Power limitation in high tidal current speeds is achieved by using pitch angle control. This corresponds to changing the pitch value such that the leading edge of the blade is moved into the flow increasing the angle of attack and thus inducing a blade feathering effect. The control structure of the pitching system developed is published in [18] . The pitching mechanism limits the turbine speed to rated speed by reducing C p in equation (2) and so reducing the mechanical power captured.
Generator Controller
In order to ensure variable speed operation the SCIG is controlled from an onshore VSC using DTC SVM. DTC SVM methods are based on the classical DTC [20] but they also operate at constant switching frequency. coordinates has been implemented [21] . The control structure of the DTC SVM method modelled can be seen in The DTC SVM method is composed of three distinct parts.
• The Torque and Flux Estimator.
• The Torque and Flux PI controllers This means that in all the cases that long distance controls are considered in a TCCS the measurements can be taken from the generator terminals.
However, in many cases it is suggested that the measurements can be taken from an onshore point so that the transfer of information is easier. Therefore, it is possible to measure the voltage and current at the cable end (measuring point A in Figure 1b) and then estimate the stator voltage and current (voltage and current of point B) by knowing the cable parameters. The disadvantage of this method is that cable parameters change based on the operating frequency of the system and the temperature variations.
For this simulation study both measuring cases have been considered in order to identify deviations in results. Both cases produced similar or even identical results and for that reason the results presented in this paper are based on measurements from the generator terminals (measuring point B). At this point we need to note that cable variations where not considered when comparing the two different measuring cases.
Cable Modelling
The long subsea cables are modelled with a network of π-sections in order to accurately represent the uniform distribution of the cable resistance R C , inductance L C and capacitance C C . The number of identical π-sections required to accurately represent frequency transients is given by the following equation:
Where v C is the travelling speed of the waves in the cables and is defined in (4) .
In this research paper the analysis is based on the particular cases in which ANDRITZ Hydro Hammerfest is involved. For the above reason a cable length of 3.5km has been chosen. Regarding the transient analysis of this system, this lies in the low frequency range and therefore f max = 5kHz. The parameters of the cascaded π-network are given in Table 1 . The cable model was based on the Pirelli cable used at the tidal site of EMEC and is described in [23] . The Pirelli cable is an 11kV, three core ethylene propylene rubber (EPR) insulated submarine cable constructed for alternating current. It has an optical fibre unit, three 2.5mm 2 copper signal cables and is double wire armoured. 
Optimised filter design
The optimised passive filter for the generator side is based on a second-order LCR (Low Voltage LCR) filter for overvoltage mitigation which is described in detail for a converter-cable-generator system in [11] , for a converter-cable-motor system in [6] and for a converter-transformer-cable-motor system in [10] . The system in this research paper is a converter-transformer-cable-generator system. In addition, the use of single tuned filter together with the LV LCR filter will be analysed. In this case the LV LCR filter is designed to reduce the overvoltage at the generator terminals and minimise the effects of resonance in the cables while at the same time the single tuned filter, tuned at the switching frequency of the controller, will mitigate the harmonics generated by the VSC that controls the generator. Figure 4 shows the generator side of the TCCS with the different options of filtering techniques. The parameters of the LV LCR filter are given in Table 2 which are calculated using equations (5) - (7) which are described in detail in [6] . The actual difference in this research paper is that the transformer turns ratio has to be taken into account and therefore final filter parameters have to be referred to the primary winding of the transformer. More details regarding filter design equations for the LV LCR and the single tuned filter are given in [12] . 
Grid side modelling
The power generated by the TCCS is delivered to the grid through a VSC. The grid-tied inverter is connected to the grid through a line reactor to reduce line current distortion, a filter that reduces harmonics and a step-up transformer from 690V to 11kV [18] . The inverter is controlled by a PWM scheme called voltage oriented control (VOC) with decoupled controllers [22] which ensures a constant DC link voltage of 1100V dc , constant frequency output of 50Hz on the AC side and control over the amount of reactive power flowing based on grid requirements.
Simulation results

Time domain simulation
In this section the operation of the proposed TCCS is demonstrated when a LV LCR filter is installed as described in Figure 4b . The necessity of using at least the LV LCR filter is explained by presenting the voltage waveform at the generator terminals when the TCCS is simulated with and without filters. Afterwards, simulation results are shown for the modelled TCCS operating for a half tidal cycle, which is about 350 minutes in this case.
In order to demonstrate the need of a generator side filter at the terminals of the VSC, the TCCS is modelled without filters, Figure 4a , and is simulated at a generator controller switching frequency of 2500Hz.
The controller switching frequency of 2500Hz is compatible with the control loop computation time which is 200μs as described in section 2.4. The above means that the switching cycle takes 400μs while the control loop is refreshed twice during this time because the control loop computation time is half of the switching cycle time.
In Figure 7a we can observe the voltage at the terminals of the generator without the filter. It can be seen that the maximum voltage is above 1.2pu of the rated voltage which is the acceptable limit when an over-voltage occurs.
If the overvoltage is above the 1.2pu then there is a risk of insulation breakdown and system failure. Similar results have been presented in experimental research papers. In [6] authors presented the differences in motor and inverter voltage in a converter-cables-motor system. By showing this comparison it could be seen that overvoltages appeared at the motor terminals. This comparison was both simulation based and experimental and the overvoltages at the motor terminals were observed in both cases at similar magnitude. Another research study presented in [11] in a converter-transformer-cables-motor system compared simulated and experimental voltage waveforms at the motor terminals without any filters. At this comparison it could be seen that simulation results are over-estimating the overvoltage at the generator terminals by approximately 0.25pu. This indicates that the actual performance of the system is better from the simulated in such a system but the overvotlages appearing are still outside acceptable limits. Based on these observations and the results presented in Figure 7a it is concluded that the TCCS under the proposed electrical configuration cannot operate without a filter to mitigate voltage reflections and system resonance. Figure 7b depicts the voltage waveform at the generator terminals when the LV LCR filter is connected at the terminals of the VSC. The block diagram of this system is presented in Figure 4b . The peak generator voltage is 1.06pu which is well within the limits of 1.2pu. The reduction of voltage peaks, when a LV LCR filter is installed was expected based on experimental and simulation results presented in the literature for motors [6, 11] . Figure 5 shows the flow speed, the power generated by the SCIG, the pitch angle and the generator speed in a half tidal cycle simulation for the TCCS depicted in Figure 4b . 
Frequency-domain system analyses
In order to understand the ways the long cables affect the TCCS with long distance controls, the system should be analysed in the frequency domain. By doing so, system resonant frequencies can be identified in the frequency range of interest, and the effect these frequencies have on harmonics and how system response changes when a filter is added can be analysed.
In order to understand the magnitude of resonance voltage gain graphs were created. The voltage gain graph is produced by assuming that the VSC is sending voltage pulses and that the generator terminals are the receiving end of these pulses as described in [10] . Therefore we can compute the state-space model of the system using MATLAB. The voltage gain graph can be expressed as in equation (8). ) (
The V GAIN graph reveals how the frequency components of the voltage pulses generated by the VSC are changing to reach the generator terminals. Specifically, if a frequency has a high value of V GAIN then the harmonic components at this frequency will be magnified when they reach the generator terminals. On the other hand, if the V GAIN has a small value at a specific frequency range then the harmonic components at these frequencies will be reduced at the generator terminals. The voltage gain graph also appears in the literature and is used by electrical companies mainly in the oil industry [24] . In [24] the voltage gain graph is presented as output-to-input voltage transmission ratio. Authors use this voltage ratio to determine the frequencies of the harmonics of the voltage output. In Figure 6 the voltage gain graphs of the generator side of the three TCCS presented in Figure 4 are depicted. It is observed from Figure 6 that at some frequencies resonant peaks appear. In the first case, when no filters are installed, the resonant peaks appear at approximately 1800Hz and 9350Hz. In the second case, in which the LV LCR filter is installed, resonant peaks appear at approximately 800Hz and 9000Hz. Finally, in case 3, the same resonant peaks appear when a LV LCR filter and a single tuned filter are installed at the TCCS. Apart from the resonant peaks, at some frequencies resonant minimums appear as well. These minimums appear at approximately 6000Hz, 7000Hz and 2500Hz respectively for the three cases. The resonant minimum of 2500Hz in case 3 is created due to the filter tuned at 2500Hz.
From the above observations, it would be reasonable to test the effect of changing the controller switching frequency to values closer to the resonant minimum or away from the resonant maximum in order to achieve reduced harmonic distortion at the generator voltage.
The effect of the controller switching frequency on the harmonics of the generator voltage
In Figure 7 the voltage waveforms at the generator terminals for the three cases are depicted for different generator controller switching frequencies (f sw ). The generator controller switching frequencies chosen below are based on the resonant minimum presented in Figure 6 . Additional results are presented at the end of the section in Table 3 . By comparing the waveforms in Figure 7 it can be observed that by increasing f sw to the resonant minimum of each case the voltage total harmonic distortion (VTHD) falls significantly. In the first case the VTHD goes from 99.64% at 2500Hz to 13.25% at 6000Hz (Figure 7a ). In the second case the VTHD goes from 7.11% at 2500Hz to 2.58% at 7000Hz (Figure 7b ) and in the third case the VTHD goes from 3.46% at 2500Hz to 2.53% at 7000Hz (Figure 7c ). The VTHD is not always reducing as the f sw is increasing. More results can be seen in Table 3 .
The conclusion from the above observations are that by studying the V GAIN graph we are able to predict the optimum controller f sw for a system with or without filters. Minimum harmonics are generated when the generator controller f sw is at the resonant minimum of each case. In addition, the V GAIN graph depicts the resonant peaks. The frequencies associated with resonant peaks must be avoided in order to keep voltage harmonics and overvoltages within limits.
However, in most cases the choice over the f sw of the system is not possible at this wide scale and therefore the use of filters is needed. The analysis presented here can be useful to avoid resonant peaks, shift operating frequencies closer to resonant minimums and test filter types and parameters so that harmonics and over-voltages are mitigated. 
The effect of a LV LCR filter and a single tuned filter on the harmonics of the generator voltage
In this section, the distribution of harmonics at a specific frequency range will be depicted. In addition, the V GAIN graphs shown in Figure 6 will be correlated with the distribution of harmonics in each case. For the simulation results we assume that the generator controller switching frequency is 2500Hz for all cases. Based on the observations of the above section we expect to have higher harmonic components at resonant peaks and lower harmonic components at resonant minimums. Figure 8 compares the V GAIN graph for the three different cases studied and the allocation of the voltage harmonics at the generator terminals. In Figure 8 the voltage gain graph for each case and the allocation of voltage harmonics at the generator terminals can be seen when the system is at rated operation and the generator controller f sw is 2500Hz. In both graphs, the voltage gain and the harmonic graph for each case y-axis is plotted in logarithmic scale while x-axis is plotted linearly. The harmonics graph shows the magnitude of harmonics in percentage of the fundamental.
The first observation is that there is a correlation between resonant peaks and appearance of high harmonics. This is evident in all three cases shown in Figure 8 . These harmonics will be referred as resonant harmonics.
The second observation from Figure 8 is the distribution of the characteristic harmonics generated by the generator controller. Based on the theory the characteristic harmonics from the generator controller appear at multiples of the fundamental frequency, 50Hz, around the multiples of the generator controller f sw , 2500Hz.
These characteristic harmonics are more visible in Figure 8b and 8c due to the significantly lower resonant harmonics. Comparing Figure 8b and Figure 8c it is observed that the characteristic harmonics around 2500Hz
in Figure 8c are significantly lower. This is due to the installation of a single tuned filter at 2500Hz. This filter mitigates successfully the characteristic harmonics reducing the overall VTHD.
By describing Figure 8 we can conclude that the role of the LV LCR filter is to reduce voltage gain magnitude at all frequencies and consequently reduce the magnitude of resonant harmonics. The additional installation of a single tuned filter tuned at the generator controller f sw reduces the characteristic harmonics achieving a desirable low distortion at the voltage terminals.
Conclusion
In this research paper an alternative way of integrating TCCS using long distance controls was proposed. The analysis focused on the frequency domain of the system since system resonance and voltage wave reflections can create high harmonic components flowing in the cables which lead to over-voltages at the generator terminals. From the results acquired it was concluded that a filter at the terminals of the VSC is required for a system with long distance controls. A LV LCR filter was designed and modelled based on literature. An additional contribution of this paper is the introduction of a single tuned filter in order to mitigate characteristic harmonics generated by the generator controller. In order to study all the different cases voltage gain graphs were introduced and explained in detail. By knowing the resonant frequencies the controller operating frequencies can be shifted to resonant minimum frequencies and therefore reduce the harmonics affecting the system. This effect was demonstrated by comparing generator voltage waveforms at different generator controller switching frequencies. Moreover, research focused on the way in which the voltage gain graph changes when LV LCR filter and the single tuned filter were added. Finally, in this paper the allocation of harmonics of the generator voltage is studies and these harmonics are correlated with the voltage gain graphs.
The electrical configuration proposed in this research paper can be used in any type of system where the generator is inaccessible and the power electronics have to be maintained regularly. Future research will focus on the detailed filter design and the parameter variations of the long cables. 
